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We report a combined experimental and theoretical study of non-conventional lasing from higher
multi-exciton states of a few quantum dot-photonic crystal nanocavity. We show that the photon
output is fed from saturable quantum emitters rather than a non-saturable background despite
being rather insensitive to the spectral position of the mode. Although the exciton transitions of
each quantum dot are detuned by up to 160 cavity linewidths, we observe that strong excitation
populates a multitude of closely spaced multi-exciton states, which partly overlap spectrally with the
mode. The limited number of emitters is confirmed by a complete saturation of the mode intensity at
strong pumping, providing sufficient gain to reach stimulated emission, whilst being accompanied by
a distinct lasing threshold. Detailed second-order photon-correlation measurements unambiguously
identify the transition to lasing for strong pumping and, most remarkably, reveal super-thermal
photon bunching with g(2)(0) > 2 below lasing threshold. Based on our microscopic theory, a pump-
rate dependent β-factor β(P ) is needed to describe the nanolaser and account for the interplay
of multi-exciton transitions in the few-emitter gain medium. Moreover, we theoretically predict
that the super-thermal bunching is related to dipole-anticorrelated multi-exciton recombination
channels via sub- and super-radiant coupling below and above lasing threshold, respectively. Our
results provide new insights into the microscopic light-matter-coupling of spatially separated emitters
coupled to a common cavity mode and, thus, provides a complete understanding of stimulated
emission in nanolasers with discrete emitters.
Self-assembled semiconductor quantum dots (QDs) ex-
hibit richer discrete energy level structures compared to
atoms, due to their mesoscopic size, shape and dielec-
tric surroundings [1]. When embedded within nanostruc-
tured photonic cavities, QDs allow for the investigation of
cavity quantum electrodynamics phenomena in the solid
state and provide strong potential for photon mediated
quantum information technologies in a uniquely scalable
architecture [2]. Photonic crystal (PhC) [3] nanostruc-
tures in particular provide strong optical confinement in
high quality (Q) factor and small mode volume (Vmode)
cavities [4], making them suitable to explore the minia-
turization limit of lasing where the gain medium consists
only of a few solid-state quantum emitters within a sin-
gle mode cavity. Recent experiments perfromed on PhC
cavities have demonstrated stimulated emission and las-
ing [5–8]. Moreover, the rich multi-exciton structure pro-
vided by the QDs has been shown to play a significant
role in far-off resonant cavity feeding and photon bunch-
ing from PhC cavities [9, 10]. Similar results of photon
bunching and a clear transition to coherent emission and
lasing operation were demonstrated in micropillar cav-
ities subject to optical excitation or electrical injection
[11, 12].
In this letter, we observe a transition from spontaneous
to non-conventional lasting from an L3 PhC nanocavity
loaded with a few (N ∼ 4) spectrally detuned QDs. The
intensity of the cavity mode emission as a function of the
excitation level exhibits a weak threshold, indicative of a
transiton to lasing for a level very close to the saturation
power density of nearby QDs PQDsat ∼ 0.14± 0.1 kW/cm2.
Moreover, the input-output characteristic of the device
shows a complete saturation for excitation power den-
sities of P cavsat > 4.7± 0.4 kW/cm2, demonstrating that
the cavity mode emission is fed from saturable emission
from a few QDs, rather than a broadband non-saturable
background [7]. The transition to lasing is identified
via second-order photon-correlation spectroscopy per-
formed on the detuned cavity-mode emission that shows
super-thermal photon bunching at zero time delay with
g(2)(0) > 2 at low power densities, and an unambiguous
transition to coherent light emission with g(2)(0) = 1 at
elevated excitation. Remarkably, the experimental re-
sults are shown to be insensitive to the mean detuning
between the QDs and the cavity. Insights into the un-
derlying physical mechanisms responsible for lasing are
gained from theoretical simulations that take into ac-
count multi-exciton states of four QDs spatially located
in the cavity region, and their non-perturbative interac-
tion with the photons in the laser mode. On the ba-
sis of the theoretical model, we introduce a pump-rate
dependent β-factor β(P ) that characterizes the sponta-
neous emission coupling into the cavity mode. We show
that the interplay of multi-exciton transitions in the few-
emitter gain medium gives rise to a strong pump-density
dependence of β(P ) . As such, we show that the sys-
tem is not well described in terms of the constant β-
factor that is used in conventional laser theories. Radia-
tive coupling between spatially separated emitters mu-
tually coupled to the stronlgy confined cavity field has
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Figure 1. (a) Emission spectra from the cavity increasing cw
excitation power density from 0.14 kW/cm2 to 5.9 kW/cm2.
The spectra are plotted on a logarithmic scale with offset to
each other for clarity. The cavity mode is labeled Ecav. The
inset shows a linear spectrum of the system for an excita-
tion power density of PQDsat . (b) Schematic level schema of the
manifolds of multi-excitonic emission channels with n = 0 . . . 3
excitations. The arrows indicate the physical excitation, re-
laxation, and recombination processes that are included in
the theoretical modeling, as explained in the text.
recently been predicted to lead to sub- and superradi-
ant effects in nanolasers [13, 14]. From our theoreti-
cal analysis, the super-thermal bunching is identified to
arise from dipole-anticorrelated multi-excitonic emission
channels that emit subradiant light below threshold. The
transition from subradiant emission to superradiant las-
ing is also reflected in the pump-dependent factor β(P ).
Our work provides new insights tothe lasing mechanism,
spontaneous emission coupling factor and radiative QD-
QD coupling in few-dot nanocavity lasers.
To characterize our system, we show in figure 1 (a)
µ-PL spectra on a stacked logarithmic scale recorded
with cavity mode resonant excitation via the third or-
der cavity mode [15, 16] using an excitation power den-
sity increasing from 0.14 kW/cm2 (bottom spectrum) to
5.9 kW/cm2 (top spectrum). The spectra show the cav-
ity mode emission at Ecav = 1257.1 meV and the emis-
sion of a few (N ∼ 4) QDs located in the PhC nanocavity.
The emission of these QDs evolves into a broadband emis-
sion attributed to multi-exciton transitions for elevated
excitation intensities, as highlighted by the gray shaded
region [9]. The inset shows a spectrum in a linear repre-
sentation for an excitation power density of 0.14 kW/cm2
close to the saturation power density PQDsat of the single
QD emitting at EQD = 1263.1 meV, highlighted in blue.
Fitting the fundamental cavity mode M1 (highlighted in
green) with a Lorentzian line yields a full width at half
maximum of ∆E = 104± 2 µeV corresponding to a mod-
erate mode Q = Ecav/∆E ≈ 12000. Measuring the auto-
correlation function of the QD emission at EQD reveals
the single-photon character of the emission, and the cross
correlation measurement of the QD and the M1 cavity
mode (shown in the Supplementary Material) proves non-
resonant coupling through antibunched emission despite
the large initial energy detuning of ∆QD−M1 = 6 meV
[17–21].
On the basis of this characterization, we consider a
theoretical model that accounts for the key elements of
the experiment, namely the interplay of multi-excitonic
emission channels from several different QD emitters, and
their light-matter interaction with photons in the cavity
mode. We assume that each QD possesses a multitude of
many-particle states represented by different number n of
excitations in the form of e-h-pairs and their distribution
over the available many-particle states [10]. For the n = 1
to n = 0 transition only well-separated emission lines ex-
ist, whereas for n = 2 to n = 1 and n = 3 to n = 2 a large
number of possible transitions result in a broad range of
closely spaced lines resembling a quasi-continuous spec-
trum [9], as illustrated in figure 1 (b). To model the emis-
sion characteristics, we solve the von Neumann-Lindblad
equation for the density matrix of the coupled carrier-
photon system with non-perturbative Jaynes-Cummings
interaction. Due to the large state space, calculations
can only be performed for a subset of the QD many-
particle configurations. For each QD, we choose two
multi-exciton configurations whose recombination is res-
onant with the cavity mode, whereas the ground state
exciton transition is strongly detuned. This allows us
to study the interplay of QD many-particle states and
the resulting coupling to the cavity mode within a wide
spectral window. Excitation and relaxation processes in-
dicated in figure 1(b) are described by Lindblad terms.
Details of the microscopic model are found in the supple-
mentary material.
In figure 2 (a) we present the integrated (green sym-
bols) and calculated (red line) PL intensity of the cav-
ity as a function of excitation power density, as well as
the QD emission (blue symbols). Fitting a power law
I = A ·Pm to the intensity I of the QD reveals a lin-
ear behaviour with an exponent mQD = 0.91 ± 0.03
as shown by the black line, indicating single excitonic
character of the emission line [22]. Moreover, the QD
emission saturates at an excitation power density of
PQDsat = 0.14± 0.1 kW/cm2 as highlighted by the dotted
black line in figure 2 (a). For the cavity mode emission we
observe a similar behavior for excitation power densities
P < PQDsat , reflected by an exponent mcav1 = 1.06 ± 002.
For excitation power densities PQDsat < P < P cavsat we ob-
serve a slight superlinear increase, giving rise to an ex-
ponent of mcav2 = 1.22 ± 0.07, highlighted in orange in
figure 2 (a). The increase in the exponent of the cav-
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Figure 2. (a) Integrated intensity of the cavity mode (green) and the QD (blue) as a function of excitation power density.
Black solid lines represent power-law fits to the emission data. The solid red line depicts the intensity of the cavity mode
emission calculated from theory. To connect the theoretical pump rate with the experimental power density, the red curve has
been shifted along the power axis to ensure that the calculated exciton saturation coincides with PQDsat . (b) Auto-correlation
measurements of the cavity mode for the accordingly color coded spectra presented in figure 1 (a) (∆0 in figure 2 (c)). Solid
black lines are fits to the data. (c) Second oder correlation g(2)cav−cav(0) as function of the excitation power density. The colors
represent three different cavity mode energies, blue ∆0 = 0 meV ≡ Ecav, black ∆1gas = −5.1 meV and red ∆2gas = −11.4 meV.
The solid green line is the numerical result g(2)(0) from theory.
ity intensity power dependence appears simultaneously
with the saturation of the QD, when multi-exciton states
become increasingly populated with significant proba-
bility. For even higher excitation power densities P >
P cavsat = 4.7± 0.4 kW/cm2 a complete saturation of the
mode emission is observed. This finding unambiguously
confirms the absence of non-saturable background contri-
butions and reflects the limited gain the few QDs are able
to provide. The calculated input-output-characteristic
(red curve) reproduces the main features that are seen in
the experimental data, namely a nearly thresholdless in-
crease and full saturation of the output. The slight kink
in the input-ouput characteristic of the mode emission in
combination with the observed saturation behavior gives
rise to a moderate s-shape curve typical for nanolasers
[23] with ultra-low thresholds [6, 7]. Procedures from
rate equations for conventional lasers might suggest to
estimate a β-factor from this kink, see e.g. Ref. [7, 20],
however, we will demonstrate that the underlying mecha-
nism of multi-exciton lasing requires an entirely different
approach, as we explain below in the context of figure 3.
It is well recognized that photon autocorrelation mea-
surements provide a clear indication for lasing in the ab-
sence of a visible threshold in the input-output charac-
teristics. In order to support our previous hypothesis of a
low-threshold, few-QD nanolaser, we present detailed in-
vestigations of g(2)cav−cav(τ) for the cavity mode emission.
For each of the color-coded excitation power densities
shown in figure 1 (a) we performed second-order photon
correlation measurements of the cavity mode g(2)cav−cav(τ)
which are presented in figure 2 (b). Fitting the data
with g(2)(τ) = 1 +A · exp(−2|τ |/t0) (shown by the black
lines) [24] enables us to extract the zero-time-delay values
of g(2)cav−cav(0) shown by the blue symbols in figure 2 (c).
Upon increasing the excitation level from 0.14 kW/cm2
to 5.9 kW/cm2 we demonstrate a clear transition from
the spontaneous-emission regime with g(2)cav−cav(0) >> 1
to lasing with g(2)cav−cav(0) = 1 [11]. The photon auto-
correlation function is also readily available within the
density-matrix formalism [25], and the theoretical model
predicts the same qualitative and quantitative behavior,
as shown by the green line in figure 2 (c).
Interestingly, in the low-excitation regime super-
thermal values up to g(2)(0) = 2.71± 0.16 are observed
in figure 2 (c) both in theory and experiment. They ex-
ceed the values reported in previous experimental studies
[7, 9] by a factor of 2, and even the theoretical limit of 2
for thermal light. The enhanced probability of two- and
multiple-photon emission events reflected by g(2)(0) > 2
is attributed to the presence of competing resonant emis-
sion channels for each QD emitter, allowing for the si-
multaneous emission of photons into the mode. More-
over, in the numerical calculation we observe the pres-
ence of strong radiative coupling effects (see the discus-
sion of figure 3). Such effects have been predicted to leave
a super-thermal finger print in cw-excited nanolasers at
4Figure 3. (Red curve) pump-rate dependent β-factor ob-
tained from the theoretical model with parameters applicable
to experimentally studied system. (Black curve) calculation
suppressing radiative coupling effects between emitters that
are responsible for sub- and superradiant effects. Compar-
ing both curves reveals that radiative coupling effects lead
to a strong inhibition of spontaneous emission at low exita-
tion (subradiance) and a slight enhancement of spontaneous
emission above the laser threshold (superradiance).
low-excitation powers [13, 14, 26]. We interpret the ex-
perimental observation of the super-thermal bunching as
proof for a new regime of spontaneous emission with ra-
diatively enhanced correlations between distant emitters
inside the nanocavity.
To shed more light on the efficiency of non-resonant
coupling, we have studied the influence of cavity emit-
ter detuning ∆ on the cavity-mode correlation function
g
(2)
cav−cav(τ) by red-shifting the cavity mode energy by
locally freezing inert nitrogen into the PhC [16, 27]. Fig-
ure 2 (c) shows the experimentally determined values
of g(2)cav−cav(0) as a function of excitation power den-
sity for three different cases with dot-cavity detunings,
∆0 = 0 meV (blue squares), ∆1gas = −5.1 meV (black
triangles) and ∆2gas = −11.4 meV (red circles). Sim-
ilar behavior of g(2)cav−cav(0) is observed for all detun-
ings, namely a clear transition from spontaneous emis-
sion to lasing. Coherent emission is clearly reached at
P = 103 W/cm2 for all cases before the onset of cavity
mode saturation. Furthermore, we observe that the effi-
ciency of the non-resonant coupling makes nanolaser op-
eration rather robust for total spectral cavity-emitter de-
tunings up to ∆ ∼ 17 meV. Thus, the absolute energies
of QD-transitions and cavity mode are of limited impor-
tance for the operation of the nanolaser. This finding fur-
ther motivates the simplification of considering only res-
onant multi-excition transitions in the microscopic mod-
eling.
We now turn to the characterization of spontaneous
emission coupling in the presence of multi-exciton lasing.
The β-factor quantifies the fraction of the total spon-
taneous emission that is directed into the laser mode.
From a rate equation model it is found that β is solely
determined by the relation of the rates associated with
emission into the laser mode γ and into non-lasing modes
or other loss channels γnl, i.e., β = γ/(γ + γnl). In the
rate equations, the rates are understood to be ensem-
ble averages of two-level systems. However, if the gain
material consists of only few solid-state emitters, multi-
exciton transitions from different emitters may tune in
and out of resonance with the cavity mode as pump-
ing is varied. Thus, the coupling efficiency to the cavity
mode varies for each of these emission channels, which
must be accounted for when formulating the β-factor for
few-QD nanolasers. To obtain a quantity that reflects
this behavior, we calculate for each pump rate the aver-
aged spontaneous emission rate of the QD ensemble from
the spontaneous emission contribution Γ to the photon-
assisted polarization [13], which is given by
Γ =
∑
i,j
NQD∑
α=1
Ri
〈(
Dlα,i
)†
Dlα,j
〉
δi,j
+
NQD∑
α 6=β
Ri
〈
Dlα,i
(
Dlβ,j
)†〉 .
(1)
Here, the operator Dlα,i describes an allowed (bright)
dipole transition between multi-exciton states, e.g. from
exciton to ground state, in QD α, with the initial state
|iα〉, and the corresponding recombination rate Ri. The
quantum-mechanical average is taken with respect to the
steady-state density operator. The first sum in Eq. (1)
includes all bright transitions, while the sums in the
brackets address the QD emitters in the gain medium.
We distinguish two contributions: The first term in the
brackets is the sum of the spontaneous emission contri-
butions from all emitters independently, while the sec-
ond sum is the contribution of dipole-correlated transi-
tions in different emitters, which arises due to radiative
coupling. In figure 3 we show the pump-rate dependent
factor β(P ) calculated from this rate Γ including (red
curve) and excluding (black curve) radiative emitter cou-
pling, and under consideration of the loss-rates as given
by the Lindblad terms. For further details of the theoret-
ical description, we refer to the Supplementary Material.
Without radiative coupling effects (black curve), a tran-
sition is seen from β(P ) > 90% to β(P ) ≈ 50% as the
system switches between multi-excitonic emission chan-
nels from different manifolds, as schematically depicted
in figure 1(b). These limiting values at low and high ex-
citation reflect the conventional constant β-factor associ-
ated with these transitions. This behavior is drastically
changed due to radiative coupling effects (red curve),
which cause a strong inhibition of the spontaneous emis-
sion rate below threshold, resulting in β(P ) = 50% in-
stead of 90% at low excitation. Spontaneous emission
5inhibition has been identified previously as subradiance
due to an anti-correlation of dipoles in different emit-
ters [13]. In Eq. 1 it results from a negative contribution
from the second term. At excitation powers >∼ 20PQDsat ,
the sign changes and spontaneous emission is enhanced
due to superradiant coupling between emitters.
While we can directly quantify the effect of sub- and
superradiant inter-emitter coupling in the spontaneous
emission rate, it is not straightforward to switch off inter-
emitter coupling in the numerical results shown in fig-
ure. 2, and even less so in the experiment. However, the
comparison in figure 3, together with the super-thermal
bunching observed at weak exciation as shown in fig-
ure 2(c), provides a strong account for the presence of
radiative coupling in the QD nanocavity system that is
supported by predictions made in Ref. [13].
Finally, we point out that a kink in the input-output
characteristics can be misinterpreted in terms of a con-
stant β-factor, but may in fact result from transitions
between multi-exciton states of various emitters tuning
in and out of resonance at various excitation powers.
In summary, we presented new insight into the ex-
traordinary operational regime of a few (∼ 4) solid-state
emitter PhC nanolaser. We have observed super-thermal
bunching of the emission and explained it on the basis
of a microscopic theory to arise from the simultaneous
presence of different resonant emission channels and their
radiative coupling. We have further demonstrated that
a conventional single-valued β-factor cannot characterize
the interplay of multi-exciton lasing in few-emitter QD
lasers. The newly introduced factor β(P ) is pump-rate
dependent and strongly determined by radiative coupling
effects. In combination with the super-thermal bunching,
it gives strong account for the presence of radiative cou-
pling effects in the form of sub- and superradiance in the
nanolaser system. At elevated excitation powers, lasing
is demonstrated, while full saturation of the emissions at
the highest excitation powers proves that only a few sat-
urable multi-exciton states contribute to the excitation,
and that continuum states from the wetting layer are not
necessary for lasing operation in our device.
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FABRICATION AND EXERIMENTAL DETAILS
The sample investigated was grown using molecular
beam epitaxy on a 350 µm thick [100] GaAs wafer. A 300
nm GaAs buffer layer was grown, followed by an 800 nm
thick sacrificial layer of Al0.8Ga0.2As and an 150 nm thick
nominally undoped GaAs slab that contained a single
layer of nominally In0.5Ga0.5As QDs at its midpoint. The
growth conditions used for the QD layer yielded an areal
density ρD ∼ 20 µm−2, emitting over the spectral range
of 1270− 1400 meV. After growth, a hexagonal lattice of
air holes was defined by electron beam lithography with
a lattice constant of a = 270 nm in a ZEP 520-A soft
mask and deeply etched using a SiCl4 based inductively
coupled plasma to form a 2D PhC [1]. We incorporated
an optimized L3 cavity design [2, 3], giving rise to cavi-
ties with Vmode ∼ 0.92(λ/n)3 and Q = 8000 − 15000. In
a final process step the AlGaAs layer was selectively re-
moved with hydrofluoric acid to establish a free standing
membrane.
For optical studies the sample was mounted in a liq-
uid He flow-cryostat and cooled to lattice temperatures
of T = 12 K. Excitation of the sample was achieved
via a 100× high numerical aperture NA = 0.5 confo-
cal microscope objective that enables to focus light to a
diffraction limit spot with 1/e2-size of 960 nm. The opti-
cal response from the system was collected via the same
microscope objective and directly guided to a single imag-
ing monochromator and detected with a liquid nitrogen
cooled CCD camera. For measurements of the second
order photon correlation function g(2)(τ), the monochro-
mator was used as a tunable bandpass filter with a band-
width of 270 µeV. The spectrally filtered signal was cou-
pled into a fiber-beamsplitter and guided to two separate
avalanche photo diodes which provide single photon sen-
sitivity and act as a Hanbury Brown and Twiss setup [4].
The avalanche photo diodes exhibit a temporal resolu-
tion of 350 ps. The detection events were time correlated
using a Pico Quant TimeHarp time tagging module. For
mode resonant excitation [5, 6] we used a continuous wave
single frequency laser with a bandwidth of 100 kHz and
a tuning range between 1259 meV and 1369 meV.
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Figure SM 1. (a) Second-order autocorrelation measurement
of QD emitting at EQD = 1263.1 meV as shown in Figure 1a
(main manuscript). (b) Second-order cross-correlation mea-
surement between QD emitting at EQD = 1263.1 meV and the
cavitiy mode M1 emitting at Ecav = 1257.1 meV as shown in
Figure 1a (main manuscript).
AUTO- AND CROSS-CORRELATION
SPECTROSCOPY
To gain more insight into the coupling between the
spectrally detuned QD and the cavity mode we per-
formed measurements of the photon statistics of the emit-
ted light. First we measured the second order pho-
ton correlation function g(2)(τ) of the QD emitting at
1263.1 meV with an excitation power density close to sat-
uration (∼ 0.14 kW/cm2) as shown in figure SM1 (a).
For zero time delay τ = 0 ns we observe a reduced
number of correlation counts, giving rise to a value of
g
(2)
X−X(0) = 0.25 ± 0.16, demonstrating the non-classical
character of the studied quantum light and indicating
that the signal stems pre-dominantly from a single quan-
tum emitter [7, 8]. As we have proven the single pho-
ton characteristics of the emission we investigated the
coupling of the QD to the fundamental cavity mode M1
by performing cross- correlation measurements between
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2them. The measurement of the cross-correlation function
g
(2)
X−cav(τ) is presented in figure SM1 (b) for the same ex-
citation power density of ∼ 0.14 kW/cm2. As for the au-
tocorrelation measurement of the QD, the measurement
between QD and cavity mode yields a strong suppression
of correlations for zero time delays with a g(2)X−cav(0) =
0.52 ± 0.07. This antibunching unambiguously proves
that the investigated QD is efficiently coupled to the cav-
ity mode, since we would expect an uncorrelated constant
statistic g(2)X−cav(τ) = 1 for an uncoupled QD and cav-
ity [9–11]. This non-resonant cavity mode feeding has
been shown to be due to a number of mechanisms in-
cluding coupling to acoustic phonons [12] and higher ex-
cited QD transitions [13]. The slightly increased value
of g(2)X−cav(0) = 0.52 ± 0.07 is attributed to additional
sources of cavity feeding, most probably due to other
spectrally detuned QD transitions. The different life-
times τQDauto = 0.61± 0.19 ns and τQDcross = 3.0± 0.65 ns,
extracted from the auto-correlation and cross-correlation
measurement in figure SM1 (a) and (b), respectively,
are due to different spectral cavity mode-QD detunings
∆cav−QDauto = 6.1 meV and ∆cav−QDcros = 7.7 meV, respec-
tively. We conclude that we are investigating a state of
the art nano-cavity doped with few single photon emit-
ters that are efficiently non-resonantly coupled to the cav-
ity mode via their multi-exciton states. Complete satura-
tions of the cavity mode emission proves that the cavity
mode is only pumped by a few QD states.
THEORETICAL METHODS
In this section we discuss the theoretical model under-
lying the results shown in figure 2 (main manuscript) and
provide details about the calculation of the β(P )-factor
presented in figure 3 (main manuscript). For the theo-
retical description we consider an ensemble of NQD = 4
self-assembled QDs coupled to a single high-quality mode
of the PhC cavity. Each QD α possesses a multitude of
many-particle states |iα〉, represented by different exci-
tation manifolds n, where n stands for the total excita-
tion number of e-h-pairs in the QD (compare figure 1 in
the main manuscript). From these we choose six states
(|1〉 . . . |6〉) that are numbered in order of increasing en-
ergy, as depicted in figure SM2. Optical transitions take
place between states of manifolds n and n − 1 that dif-
fer by one e-h-pair, and we assume that two transitions
(|6〉 → |5〉 and |2〉 → |1〉) are optically bright and res-
onant with the laser mode. A special role takes on the
transition from the n = 1 manifold to the ground state.
In the experiment to which the model is applied, the
ground-state exciton is strongly detuned from the cav-
ity mode. In the configuration dynamics, the realization
of the ground state is therefore strongly inhibited due
to pumping, and the light-matter interaction is deter-
Figure SM 2. Schematic representation of the electronic QD
level structure, corresponding to figure 1 (main manuscript)
Light-matter coupling leads to recombination processes be-
tween the excitation manifolds with the light-matter coupling
strength g. The arrows indicate the excitation, relaxation
processses, and spontaneous emission into leaky modes tak-
ing place at a rate P , γrel and γnl, respectively. Transitions
between n = 1 and n = 0 are strongly off-resonant, thus the
dynamics of the |0〉 state is effectively described by |1〉, see
text.
mined by the interplay of many-particle transitions be-
tween higher manifolds with n > 0. Therefore, the n = 0
state is not included in the calculations.
The Hilbert space of the multi-QD and cavity-
photon system is spanned by the product states
|i1〉 · · · |iNQD〉 |N〉, where |N〉 defines the N -photon Fock
state of the cavity mode. Considering the QDs and the
photon mode as an open quantum system, one can de-
scribe the dynamics of the system density operator by
the von Neumann-Lindblad (vNL) equation
∂
∂t
ρ = −i[HJC, ρ] + Lρ. (1)
The coherent dynamics is represented by the commutator
with the Jaynes-Cummings (JC) Hamiltonian
HJC = g
∑
α,i
[
b†Dlα,i + b
(
Dlα,i
)†]
, (2)
describing the non-perturbative light-matter interaction
between the QD-interband transitions and the quantized
field of the microcavity mode. Here, the operator
Dlα,i =
∑
j
|α, j〉 〈α, i| (3)
expresses all dipole-allowed transitions of QD α between
many-particle state |iα〉 and |jα〉 that are resonant with
the laser mode, i.e. |6〉 → |5〉 and |2〉 → |1〉. b† and b
are the bosonic creation and annihilation operators for
3photons in the laser mode, and g is the light-matter cou-
pling strength for the respective electronic states and the
cavity mode.
QDs are embedded systems, and their dynamics is
strongly influenced by the coupling between localized QD
states and the (quasi-) continuum of delocalized states
and photon modes. While the former facilitates effi-
cient carrier scattering into and within the QD via car-
rier–Coulomb and carrier–phonon interaction, the cou-
pling to the latter leads to carrier recombination due to
spontaneous emission. The incoherent, dissipative evo-
lution results from the system-bath interaction, which
leads to the sum of Lindblad operators
Lρ =
∑
X
γX
2
[
2XρX† −X†Xρ− ρX†X] . (4)
The operator X describes a reservoir-assisted transition
in the system. The relevant information about the bath
and its interaction with the system is contained in the
transition rate γX . In the system we consider, X can
be either a transition operator |iα〉 〈jα| between two QD
many-particle states, or a photonic annihilation operator
b. The first case corresponds to a change from many-
particle state |jα〉 to |iα〉, including pump excitation,
spontaneous recombination into non-lasing modes and re-
laxation processes at rates P , γnl and γrel, respectively.
All occurring incoherent processes are schematically de-
picted in figure SM2. In the second case the photon sub-
system undergoes a lowering of the photon number due
to cavity losses at a rate κ.
The von Neumann-Lindblad equation (1) is solved nu-
merically until the steady-state solution is reached. Then
various steady-state expectation values, such as the level
populations and the photon statistics can be obtained.
For the calculations shown in the main text, a light
matter coupling strength of g = 0.11/ps is used, cor-
responding to a vacuum rabi splitting of 140µeV. For
the intraband relaxation rates γrel we use 0.5/ps. Ra-
diative losses into non-lasing modes are strongly sup-
pressed in photonic crystal cavity devices, and we con-
sider γnl = 0.01/ps. The cavity decay rate of κ = 0.16/ps
corresponds to a cavity-Q of 12000 in the spectral range
of the InGaAs QD emission.
To calculate the pump-rate dependent spontaneous-
emission coupling factor
β(P ) =
Γ(P )
Γ(P ) + Γnl(P )
(5)
that is described by the ratio of the spontaneous emission
into the lasing mode and the total spontaneous emission,
at a given pump rate P we consider the equation of mo-
tion for the cavity mean photon number
d
dt
〈b†b〉 = −κ 〈b†b〉+ Γ + Γstim. (6)
It is determined by the balance between cavity losses in
the first term and photon emission. The second term
constitutes the total spontaneous emission into the laser
mode
Γ = Γspont + Γsr. (7)
Here Γspont is the usual contribution from independent
emitters to the spontaneous emission, and Γsr reflects
the enhancement or suppression of spontaneous emission
due to QD-QD correlations. The third term in Eq. (6)
represents the contribution due to stimulated emission
and absorption.
In the steady state we obtain
Γspont =
NQD∑
α=1
∑
i
Ri
〈(
Dlα,i
)†
Dlα,i
〉
(8)
and
Γsr =
NQD∑
α6=β
∑
i,j
Ri
〈
Dlα,i
(
Dlβ,j
)†〉
. (9)
For more details we refer to Ref. [14]. The quantity Ri is
the spontaneous emission rate for recombination of the
many-particle state |iα〉
Ri =
4g2
κ+ γtoti
, (10)
which resembles the form known from rate equations,
where γtoti is the total dephasing of the many-particle
transition with the initial state |iα〉. Similarly, an ex-
pression for the emission into non-lasing modes can be
found
Γnl = γnl
NQD∑
α=1
∑
i
〈(
Dnlα,i
)†
Dnlα,i
〉
. (11)
In this expression Dnlα,i describes all dipole-allowed tran-
sitions of QD α that are detuned from the laser mode.
Eqns. (5) - (11) are explicitly evaluated to obtain the
pump-power dependent β(P )-factor introduced in the
main text. All averages are taken with respect to the
steady state density matrix.
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